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Abstract 


There  comes  a  time  when  small 
“evolutionary”  changes  are  no  longer 
adequate.  Major  changes  must  occur  for 
progress  to  occur.  Such  a  time  is  this  in 
power  electronics.  Power  electronic 
technologies,  methods  of  manufacture  and 
concepts  must  change  radically  for 
progress  to  occur. 

The  Office  of  Naval  Research 
(ONR)  is  developing  Power  Electronic 
Building  Blocks  to  achieve:  increased 
power  density,  “user  friendly”  design 
(“plug  and  play”  power  modules),  and 
multi-functionality.  Digital  controls, 
integrated  with  higher  frequency  and 
more  robust  power  circuits,  enable 
modular  power  systems  with  lower  size, 
weight,  and  cost  ~  while  increasing 
performance. 
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Power  Electronic  Building  Blocks  (PEBBs) 
are  power  processors.  A  PEBB  is  not  a  specific 
semiconductor  material,  not  a  device,  nor  a  circuit 
topology.  It  is  the  search  for  the  most  common 
denominator  of  all  these  things.  It  is  not;  “one  size 
fits  all.”  There  will  be  several  blocks  that  will  fit 
together  to  perform  the  majority  of  everyday  power 
electronic  jobs.  Like  a  set  of  children’s  interlocking 
blocks,  PEBBs  will  be  a  rational  and  simple  set  of 
blocks  and  procedures  that  most  any  designer  or 
architect  can  use  to  build  electrical  systems. 


Figure  1.  Spider  diagram  showing  the  matrix  of  critical  paths  in 
the  PEBB  program 

Using  concurrent  engineering  in  cooperation 

with  academia  and  industry,  the  ONR  program  will 

^ .  .  develop  PEBBs  and  associated  technologies. 

Multipurpose,  universal  devices,  will  replace  several 

specialized  devices  like  circuit  breakers,  motor 
one  size  ^ 

controllers,  and  power  conditioners.  Standardized 

manufacture  will  enable  production  of  these  devices 

y  power  quantities  with  reduced  cost, 

rlockmg  ®  ^ 

e  set  of  A  “spider  web”  or  "spider"  diagram  of  the 

[gner  or  PEBB  program,  Figure  1,  shows  the  integration  of 

science  and  technology  with  engineering 


Further  details  on  the  PEBB  program  are  in 
references  [1]  and  [2].  The  summary  herein  updates 
the  program  and  provides  context  for  those 
unfamiliar  with  PEBB. 


The  Navy  is  challenged  by  the  need  for 
affordability.  The  total  cost  of  Navy  systems  must  be 
reduced.  Beyond  the  cost  of  purchase,  life-cycle 
costs  (such  as:  manning,  maintenance  and  fuel)  must 
also  be  reduced.  Performance  must  not  be 
compromised;  to  the  contrary,  reliability  and 
performance  must  be  increased. 
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in  phased  intervals. 


PEBB-1,  the  first  phase,  demonstrated  that 
multiple  applications  could  be  satisfied  using  the 
same  set  of  hardware.  Each  application  had  its  own 
set  of  software  instructions.  PEBB-1  proved  that  a 
single  set  of  hardware  could  perform  many  functions, 


Figure  3.  50kW,  3-phase  inverter  by  SATCON 
HOO  kW/ft3  or  ~14.1MW/in') 


Figure  4.  250kW,  single  phase  leg  of  a  3-phase 
multi-level  inverter  by  VPI&SU  (200-250  kW/ft^ 
or  7.1  -  8.8  ]VrW/m3) 


Figure  5.  250kW,  single  phase  leg  of  a  3-phase 
inverter  by  DNSWC/Harris  (60  -  80  kW/ft3  or 
2.1 -2.8  MWW) 


such  as:  motor  control,  actuator  control  and  power 
supply. 

The  Navy  program  defines  the  first  PEBB 
device  as  a  five  power  port  device  -  2  DC  and  3 
AC/DC  ports  as  shown  in  Figure  2,  also  see  reference 
[3].  This  device  corresponds  roughly  to  a  3-phase 
bridge.  The  three  AC/DC  ports  are  programmable 
waveform  ports.  Within  the  bandwidth  of  the  device, 
the  waveforms  at  these  ports  are  completely 
controllable  by  software  programming.  In  addition 
to  the  power  ports,  there  is  a  communication  bus 
(Comm  [0...x]),  an  analog  bus  (A  [0...x])  and  a 
digital  bus  (D  [0...x]).  Making  only  external 
connection  changes,  PEBB-1  demonstrated  the 
following  applications:  a)  DC  to  AC  inverter,  b)  AC 
to  DC  converter,  c)  DC  to  AC  motor  controller,  d) 
AC  to  DC  boost  converter  and  e)  DC  to  DC  boost 
converter,  see  [3], 

PEBB-2,  the  subject  of  this  paper,  focuses 
on  developing  and  defining  PEBB  form.  PEBB  form 
is  defined  primarily  by  packaging  considerations 
such  as  thermal,  EMI,  interconnections,  interfaces, 
communications,  sensors,  control,  manufacturing 
economics,  reliability,  passive  devices,  etc.  PEBB-2 
will  demonstrate  higher-power  and  faster-switching 
devices.  PEBB-2  will  also  demonstrate  tighter  power 
and  micro  electronic  integration. 

PEBB-3  will  demonstrate  a  fully  optimized 
PEBB  prototype  in  form,  fit,  and  function.  The 
critical  technological  improvements  manifested  in 
PEBB-3  are  the  use  of  two-sided  cooling,  ultra-fast 
turn-off  thyristors,  distributed/integrated  control 
architecture  with  software  configuration  and  control. 
A  system  designer,  with  minimal  power  background, 
will  be  able  to  construct  an  electric  power  machine 
by  using  these  standard-building  blocks,  quickly, 
simply,  reliably. 

General  PEBB  Form 

As  a  beginning  to  the  study  of  form,  three 
PEBB-2  concept  demonstrators  were  built  -  figures 
3,4,5.  All  three  designs  used  different  assumptions 
and  different  technologies  from  the  PEBB  program. 
However,  all  three  exceed  the  PEBB  program  power 
density  goal  of  50kW/ft^  (1.8  MW/m^).  The  Satcon 
version  shown  in  Figure  3  illustrates  that  for  power 
ratings  of  50kW  or  less  and  lower  voltages  (--350V)  a 
complete  three  phase  inverter  in  a  module  is 
reasonable.  On  the  other  hand,  250kW  Sphase 
inverters  will  most  likely  be  in  multiple  modules,  as 
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evidenced  by  Virginia  Tech’s[4] 
and  CDNSWC/  Harris’  Work. 

PEBB  Design  Elements. 

Filters  comprise  2/3  the  size  and  Va 
the  weight  of  Navy  equipment.  If 
the  size  and  weight  of  the  filter  can 
be  significantly  reduced,  then  the 
equipment  can  be  reduced 
accordingly.  Increasing  switching 
or  circuit  frequency  and  replacing 
passive  filtering  with  active 
filtering  was  the  most  reasonable 
approach. 

Actualization  of  high 
frequency  switching  requires  faster 
switches.  Faster  switching 
increases  switching  losses. 

Increased  switching  losses  also 
favor  circuits  that  minimize  or  eliminate  losses  — 
zero  current  or  voltage  switching.  Power  circuit 
packages  with  ultra-low  inductance  and  controlled 
parasitic  elements  are  necessary.  All  digital  control 
circuits  that  use  microprocessors  and  EPLD  (Erasable 
Programmable  Logic  Devices  or  gate  arrays)  are 
needed  to  accommodate  the  endless  variety  of  control 
algorithms. 

In  figure  6,  the  general  idea  of  increased 
frequency  and  reduced  filter  size  is  illustrated.  The 
higher  the  frequency  of  the  filter,  the  lower  the  value 
of  inductance  and  capacitance  needed.  In  the  Figure 
6,  the  PWM  (Pulse  Width  Modulation)  scheme 
shown  is  variable  frequency.  The  pulse  widths 
change  and  so  does  the  starting  point  for  every 
switching  cycle.  The  approach  minimizes  the 
number  of  switching  events  during  a  cycle  of  the 
desired  fundamental  produced.  Thus,  switching 
losses  are  minimized.  However,  varying  switching 
frequency  produces  varying  harmonics  in  the 
spectrum.  The  spectrum  shown,  with  a  single 
switching  frequency  and  a  clean  band  between  it  and 
the  desired  fundamental,  cannot  be  obtained  using  a 
variable  frequency  PWM. 

Fixed  frequency  PWM  (Figure  7)  must  be 
used  to  get  the  spectrum  shown.  In  this  case,  the 
total  switching  interval  or  cycle  is  always  the  same 
length  of  time.  The  switch  duty  cycle  changes  every 
cycle  to  produce  the  desired  fundamental.  Switching 
losses  are  greater  than  the  previous  case,  because 
switching  occurs  every  switching  interval  --  even  if 
the  output  is  not  different  from  the  ideal  reference. 


HIGH  FREQUENCY  =  SMALL  FILTERS  =  REDUCED  SIZE  &  WEIGHT 
HIGH  FREQUENCY  =  MULTIFUNCTION  EQUIPMENT  *  IMPROVED  SYSTEM  PERFORMANCE 
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Figure  7 

In  the  first  case,  the  switching  frequency  is 
varied,  losses  are  minimized,  and  the  filter  is  larger  — 
because  of  the  additional  low  frequency  harmonics. 
In  the  second  case,  the  switching  frequency  is 
constant,  the  filter  is  smaller  and  the  switching  losses 
are  greater.  So,  for  a  given  input  and  output  filter 
configuration,  harmonic  distortion  and  switching 
losses  can  be  traded  off. 

Basic  Power  Blocks.  Looking  a  bit  more 
closely  into  designs  of  figures  3,4,5,  one  can  see  the 
relationship  shown  in  figure  8.  These  are  the  four 
major  sections  of  a  PEBB.  A  Navy  PEBB  will  have 
these  same  blocks  independent  of  weather  the  power 
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Figure  8.  Four  major  PEBB  partitions 
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switching  is  a  simple  switch,  a  switching  phase  leg, 
or  a  full  three-phase  bridge.  Furthermore,  this  would 
also  be  true  if  the  PEBB  were  designed  on  a  single 
VSLI  microchip  or  if  each  of  the  parts  was  housed  in 
separate  buildings  for  utility  applications.  In  other 
military  and  industrial  applications,  the  definition  of 
what  constitutes  a  filter,  or  if  there  are  input  or  output 
filters  at  all,  are  the  defining  questions. 
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Figure  9.  Orthogonal  Axes  of  Design 

The  search  for  the  most  common  technical 
denominators  of  power  electronics  begins  with  this 
kind  of  “fractal”  definition.  The  building  block 
metaphor  is  rooted  in  our  universal  use  of 
superposition  in  power  electronic  design.  A 
universal  power  electronic  definition,  unlike  an 
official  language,  must  have  the  support  of  physics 
first  and  consensus  second. 

As  a  beginning.  Figure  9  pictures  three 
orthogonal  axes.  All  power  electronic  designs  share 
these  constraints.  Signal  and  power 
lines  need  to  be  90°  from  each  other. 

This  affords  the  minimum 
electromagnetic  coupling  and  thus 
minimum  interference  of  power 
switching  on  the  control  and  sense 
signals.  The  power  dissipation  path 
should  have  a  large  surface  area  for 
minimum  thermal  resistance  or 
maximum  heat  conduction.  One  does 
not  wish  to  conduct  heat  through  the 
control  electronics.  They  are  far  less 
tolerant  of  heat.  In  the  same  way,  heat 
conduction  through  filer  capacitors 
and  inductors,  which  are  along  the 
power-flow  path,  is  also  not 
reasonable.  A  natural  direction  for 
heat  flux  is  90°  from  both  signal  flow 
and  power  flow.  In  one  ideal,  power 


modules  would  be  flat  with  signals  paths  aligned  to 
two  edges  and  with  power  at  the  other  two 
perpendicular  edges,  and  two  large  flat  surfaces  for 
single  or  double  side  cooling. 

Finally,  these  blocks  become  the  major 
partitions  in  which  design  expertise  can  be 
concentrated.  Digital  control  experts  could  work 
independently  with  standard  power  and  filter  block 
emulators.  Power  circuit  designers  could  use  off-the- 
shelf  controllers  to  develop  new  topologies. 
Standard  interfaces  would  be  specified  between  these 
blocks,  and  open  architecture  can  occur  by  allowing 
ones  control  block  design  to  plug  in  someone  else's 
power  block  design. 

The  University  of  Wisconsin-Madison  team, 
headed  by  Tom  Lipo,  extended  this  definition  with 
the  application-level  PEBB  or  APEBB[5].  The 
APEBB,  shown  in  figure  10,  adds  more  detail  to  the 
same  four  major  partitions.  The  signal  paths  are 
perpendicular  to  the  power  paths.  The  heat  path  is 
perpendicular  to  the  power  path  and  opposite  to  the 
signal  path.  This  conforms  to  the  desire  not  to 
conduct  heat  through  the  control  electronics  and  is 
another  variation. 

In  figure  10,  interface  requirements  and 
signals  are  beginning  to  be  defined.  Electrical 
isolation  is  placed  between  the  control  and  power 
blocks  —  rather  than  between  the  control  block  and 
the  rest  of  the  world.  Other  needed  blocks  such  as 
sensors,  onboard  power,  and  gate  drives  are  placed  in 
the  power  block.  Interface  control  and  feedback 
signals  have  a  first  order  definition. 


Figure  10.  APEBB,  spatial  partitions  after  Deepac  Divan 
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PEBBs  are  combined  to  perform  system 
functions,  as  shown  in  Figure  11.  Multiple  PEBB 
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Figure  11.  Top,  60  to  400  Hz. 

Frequency  Conversion  using  two 
PEBB  inverters  (made  of  switching, 
filter  and  control  blocks)  and  a  DC 
Link.  Middle,  AC  to  AC  motor 
controller  using  two  PEBBs.  Bottom, 
motor  controller  feed  from  a  DC 
source. 

modules  would  perform  system  functions,  such  as: 
voltage  scaling,  energy  storage  and  impedance 
matching.  This  is  the  kind  of  top-level  description 
needed  for  higher  level  design  by  architects  and 
system  engineers. 


filter  blocks,  energy  storage  blocks.  This  plug  in 
version  has  the  same  five  terminal  definition,  two  DC 
and  three  AC  ports.  The  modules  or  blocks  are 
plugged  into  back-plane  wiring.  Water-cooling  is 
across  the  bottom-plane.  Figure  14  shows  a 
converter  module,  which  is  plugged  into  the  rack.  A 
liquid  cooled  heat  sink  is  mounted  along  the  side  of 
the  converter  module. 

Open  architecture  is  enabled  in  the  same 
way  as  cards  in  an  electronic  rack  system.  The 
backplane  adds  impedance  to  the  system,  as 
compared  to  laminated  buses.  However,  the  circuit 
switching  frequency  is  about  3  kHz.  The  rack 
approach  is  reasonable  in  this  frequency  range  and 
ABB  uses  input  filtering  to  compensate  for  added  bus 
impedance.  In  effect,  this  supports  the  use  of  a  filter 
block  at  the  input  to  the  converter  and  is  consistent 
with,  in  large  part,  with  the  partitions  proposed  in 
figure  9. 

All  of  these  approaches  fit  within  the  form 
proposed  and  confirm  the  general  commonality  of 
converters  and  inverters.  In  addition  to  physical 
partitions,  time  (response  and  control  loop  periods) 
must  also  be  defined.  Furthermore,  they  must  be 
complimentary  to  the  physical  partitions  for  a  truly 
common  basis  for  power  electronics  design  to 
emerge. 

Temporal  partitions[5].  There  are 
temporal  partitions  for  an  advanced  system  of  many 
PEBBs.  Each  system  layer  would  have  clearly 


For  example,  the  simplest  frequency 
changer  is  made  of  a  converter,  an  inverter  and  a  DC 
Link.  In  figure  1 1,  a  frequency  changer  is  made  of  2 
PEBBs  and  a  DC  Link  building  block.  One  PEBB  is 
programmed  as  a  boost  converter  (rectifier)  and  the 
other  an  inverter.  Each  PEBB  is  comprised  of  power 
switching,  filter  and  control  building 
blocks. 

Other  examples  of  PEBB  form. 
Additionally,  the  Northrup-Grumman  team 
headed  by  William  Patalon  confirmed  the 
functional  definition  of  a  PEBB[6].  A 
partitioning  of  blocks  or  elements  is 
proposed  as  shown  in  figure  12.  This 
agrees  very  closely  with  the  general  PEBB 
form  proposed  herein. 

Yet,  another  example  is  proposed 
by  ABB  as  shown  in  figure  13.  This  time 
Pieder  Jorg  of  ABB  Corporate  Research 
proposes  a  rack  for  the  integration  of  power 
converters.  Again,  this  version  has  converter 


defined  control  boundaries,  as  shown  in  Figure  15. 
Each  control  boundary  would  have  a  time  interval 
associated  with  it.  Hierarchical  control  functions 
combined  with  temporal  partitions  allow  independent 
and  parallel  development  of  system  elements.  This 
further  enhances  “open  architecture”  in  the  final 
system. 
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Plug  in  converter  system 
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Power  Conversion  Blocks 
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Figure  13.  ABB  rack  version  of  power  modules 


ABB 


modulator  are  located  in  the  present  PEBB  control 
block.  The  power  module  and  the  gate  drive 
correspond  to  the  power  switch  block.  The  filter 
mod.  and  switchgear  correspond  to  the  filter  blocks 


The  PEBB  of  figure  9  corresponds  to  the 
application  invariant  section  of  figure  15.  Within  the 
application  invariant  section,  the  inner  loop  and 


of  figure  9.  Part  of  the  load  controller,  shown  in 
figure  15,  is  in  the  control  block.  The  system 
controller  has  not  been  defined  and  will  need  to  be 
developed  in  the  PEBB-3  phase.  Furthermore, 
control  functions  as  well  “intelligence”  will  be 
distributed  throughout  the  PEBB  -  creating 
intelligence  partitioning  as  function  of  time  and 
physical  location. 

Building  Block  Details 

Before  continuing  globally,  details  of  the 
parts  must  examined  to  strengthen  the  ideas 
proposed.  Up  to  this  time,  there  is  no  distinction  of 
high  or  low  power.  The  arguments  have  also  been 
independent  of  the  number  phases,  the  type  of  circuit 
topology,  or  switching  device. 

Switching  Block.  The  semiconductor  chips 
dominate  the  form  of  the  switching  block.  They  are 
thin  and  flat,  produce  most  of  the  heat,  and  control 
the  electric  power.  The  maximum  junction 
temperature  of  these  chips  sets  the  primary  ratings  of 
the  block,  as  well  as  the  rest  the  PEBB. 

Low  power  switches  are  mostly  MOSFETs 
and  MOS-bipolar  devices  —  IGBTs  or  MCTs.  High 
power  switches  mostly  bipolar  devices  —  SCR  or 


GTOs.  The  low  to  medium  power  MOS-bipolar 
switching  chip  is  not  one  device.  It  can  be  as  many 
as  two  million  devices  in  parallel  in  one  chip.  Each 
device  is  matched  to  the  millions  of  other  devices, 
because  of  the  integrated  circuit  technology  used  to 
produce  them.  The  millions  of  matched  devices  on 
each  chip  force  current  conduction  to  be  uniform  and 
the  heat  generated  to  be  evenly  distributed  across  the 
chip.  These  chips  or  dies  are  rectangular  and  the  size 
is  limited  by  manufacturing  economic  factors  such  as 
yield. 

As  the  voltage  and  current  increases,  the 
semiconductor  switch  becomes  again  a  single  device 
per  chip.  This  is  the  older  power  semiconductor 
technology  that  the  MOS  IC  process  has  not  yet  been 
able  to  displace.  The  chip  is  now  55mm  or  greater  in 
diameter  and  is  really  a  wafer.  High-power  devices 
have  ratings  limited  by  hot  spotting  phenomena.  The 
chip  is  circular  instead  of  rectangular.  The  circular 
form  follows  the  form  of  the  wafer  and  is  more  high 
voltage  capable.  Controlling  the  electric  field  at  the 
comers  of  the  rectangular  chip  is  a  difficult  edge 
termination  design  problem. 

The  thin,  flat,  forms  of  both  of  these  chip 
technologies  minimize  thermal  and  electrical 
resistance.  The  maximum  cross  section  and  the  least 
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conduction  length  is  produced  for  a  given  switch 
voltage  and  manufacturing  process.  Lateral  thermal 
and  electrical  conduction  is  restricted  by  very  low 
cross  sectional  area  and  increased  conduction  length 
in  lateral  directions.  Thus,  electrode  potential  should 
be  uniform  across  the  entire  conduction  cross- 
section. 

However,  uniformity  of  the  electrode 
potential  is  restricted  by  mechanical  properties.  The 
thermal  coefficient  of  expansion  of  the  metal 
electrodes  and  the  silicon  chip  do  not  match.  As  the 
thickness  of  the  metal  increases,  thermal  cycling 
stresses  between  the  material  increases  and  failure 
occurs.  Because  of  this,  copper  or  aluminum 
electrodes  are  limited  by  the  following  alternatives: 
1)  the  thickness  must  be  limited  to  less  than  a  few 
100  micro-meters,  2)  contact  area  must  be  limited  or 
3)  no  stiff  bonding  can  be  used. 

The  first  issue  is  again  the  problem  of  non- 
uniform  lateral  conduction  in  the  metal  electrode 
when  it  is  too  thin  and  mechanical  stress  when  it  is 
too  thick.  In  the  second  case,  using  wire  bonding  can 
make  mechanically  reliable  contacts.  However, 
current  crowding  in  the  semiconductor  chip,  this 
time,  causes  hot  spots.  The  length  of  the  wire 
reduces  thermal  and  electrical  conduction  and 
increases  inductance. 

Pressing  metal  contacts  against  the  front  and 
back  flat  surfaces  of  the  chip  or  wafer  (used  in  high 
power  devices)  can  also  make  reliable  contacts. 
Thermal  and  electrical  conduction  is  decreased  by  the 
"dry"  interface  between  the  metal  contacts  and  the 
semiconductor  wafer.  However,  in  large  (55mm) 
devices  uniform  contact  potential  is  essential,  even  if 
thermal  and  electrical  conduction  is  reduced  slightly. 
Since  the  interface  is  not  bonded,  the  surface  can 
slide  past  one  another,  allowing  expansion 
differences.  A  scrubbing  between  the  surfaces  occurs 
over  a  very  long  time,  but  the  life  of  the  device  is 
decades. 

"Thin-Pak*'  lids[7].  In  the  PEBB  program, 
HTP  packages  were  developed[6].  A  ceramic  lid  is 
made  the  size  of  chip.  Like  a  circuit  board,  holes  are 
drilled  to  create  paths  for  current  conduction.  Both 
sides  of  the  ceramic  are  plated  with  metal  and 
patterned  for  electrical  connection.  The  holes  are 
plated  to  electrically  connect  both  sides.  Areas  are 
provided  for  control  and  power  connections.  The  lid 
is  then  soldered  to  the  chip.  The  resultant  assembly 
pacifies  the  semiconductor  junctions.  The  device  can 
now  be  tested  at  full  power,  before  continuing  to  next 
stage  of  packaging. 


The  ceramic  thin-pak  lid  has  a  closely 
matching  coefficient  of  thermal  expansion  to  silicon. 
The  lid  also  allows  cooling  on  topside  of  the  chip. 
Furthermore,,  the  ceramic  lid  and  the  hole  pattern 
create  a  distributed  impedance  to  help  spread  the 
current  and  keep  electrical  resistance  low.  More 
work  is  needed  to  characterize  and  develop  design 
methods  for  this  technology.  The  lid  adds  cost 
compared  to  wire  bonded  packages;  but  the  lid 
allows  greater  utilization  of  the  chip  and  a  better 
mechanical,  thermal,  and  electrical  tradeoff. 

Switches.  As  stated  earlier,  a  switch  can  be  several 
millions  of  devices  in  parallel  on  one  chip  or  it  can  be 
a  single  device  on  a  large  wafer.  There  are  several 
chip  sizes  used  in  the  program  as  seen  in  table  1 . 

These  six  sizes  cover  virtually  the  whole  range  of 
power  electronic  machines  now  made.  Building  up 
from  this  simple  base,  a  set  of  blocks  can  be  made 
that  enable  an  enormous  product  range  from  a 
minimum  of  manufacturing  variation,  and,  hopefully, 
cost. 


Table  1 


Dimension 

Size 

Rectangular 
(millimeter  x 
millimeter) 

low  to  medium 
Power 

3.38x4.17 

3 

6.6  X  10.2 

6 

10.2  X  15.2 

8 

Circular 
(diameter  in 
millimeters) 

high  power 

55 

55 

77 

77 

125 

125 

Assuming  generic  electrodes  and  packaging 
for  all  device  types,  a  size  3,  5  or  8  chip  could  be  a 
MOSFET,  IGBT  or  MCT  device  -  depending  only 
on  the  process  selected.  Standard  chip  sizing, 
electrode  patterns  and  packages  allow  all  other 
assembly  steps  to  be  unchanged.  In  the  same  way,  a 
high  power  wafer  could  be  a  SCR  or  GTO.  With 
MOSFET  chips,  the  GTO  wafer  can  be  configured  as 
an  IGCT,  MTO  or  ETO.  The  selection  of  the  chip  or 
wafer  size  (3,6,8,55,77,125)  and  the  package  sets  the 
basis  for  power  dissipation.  Selection  of  the  device 
type,  sets  the  basis  for  performance  and  the 
characteristics  possible  —  within  the  chip  or  wafer 
size  selected. 
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For  example,  size  3,  6  and  8  chips 
correspond  to  roughly  125,  600,  1400  Watt 
maximum  dissipation.  This  assumes  that  they  are 
silicon  chips  soldered  to  a  base  plate,  which  can  be 
held  to  90C,  while  the  junction  temperature  is  no 
more  than  150C.  One  selects  an  IGBT,  MCT  or 
other  device  based  on  circuit  requirements.  The 
conduction,  switching,  and  blocking  losses  set  the 
maximum  heat  dissipation  needed  and  thus  the  chip 
size  selected. 

The  real  design  process  is  much  more 
involved.  However,  a  flexible  semiconductor 
processing  capability,  combined  with  computer  aided 
device  and  chip  selection,  could  enable  a  design 
process  as  simple  as  this.  The  challenge  in  phase  3  of 
the  PEBB  program  will  be  to  do  it. 

Packaging.  Continuing  to  build,  the  next 
step  is  mounting  and  packaging  chips.  The  chip  size 
is  determined  by  manufacturing  cost  factors. 
Likewise,  the  switch  assemblies  and  packages  must 
be  established  based  on  manufacturing  cost 
considerations.  For  example,  there  is  a  minimum 
10%  penalty  for  paralleling  chips  and  a 
corresponding  cost  penalty  for  substrate  size  and 
mounting.  A  single  chip  has  lower  packaging  costs 
but  the  cost  of  the  chip  is  greater.  Using  a  single  chip 
or  multiple  chips  in  parallel  is  a  tradeoff  between  cost 
of  the  larger  chip  and  cost  of  paralleling  smaller 
chips. 

In  low  to  medium  power  case,  there  are  only 
three  chip  footprints.  Some  diode  sizes  are  also 
needed.  However,  these  relatively  few  pieces  can 
form  an  endless  array  of  power  blocks.  Chips 
mounted  on  a  common  substrate  could  be  in  parallel 
or  connected  into  a  circuit.  The  chips  could  be 
IGBT,  MOSFETs,  or  MCTs  —  based  on  the  computer 
selection  scheme  above.  Hard  or  soft  switching  types 
of  circuits  are  formed;  again  using  computer  aided 
selection  and  interconnection  of  the  chips. 

With  “Thin-pak”  lids  on  the  chips,  an  etched 
metal  frame  soldered  to  the  array  lidded  chip  forms 
the  top  circuit.  The  bottom  circuit  is  formed  from 
the  metal  layer  bonded  to  the  substrate.  The  process 
is  very  amenable  to  automation. 

The  PEBB-2  concept  demonstrators  showed 
that  a  whole  3-phase  inverter  (50kW  or  lower)  could 
be  an  integrated  into  a  module.  At  250kW  and 
above,  only  a  single  phase  could  be  integrated  into  a 
module  and  three  of  these  could  be  connected  to 
make  a  three-phase  inverter.  Although  auxiliary 


cicuits  could  be  integrated  in  the  same  single  phase 
module  as  the  main  phase  switches,  it  not  likely  to  be 
economically  efficient  to  do  so  unless  usage  of  soft- 
switching  topologies  increases  dramatically.  At  this 
level,  the  main  switch  is  likely  to  be  in  one  module; 
and  any  auxiliary  switch  used  for  soft  switching 
would  be  in  a  separate  module. 

As  the  power  increases,  the  larger  device 
wafers  are  used.  Again  there  are  only  three  sizes. 
They  are  packaged  as  one  device  per  package  and 
circuits  are  formed  by  external  device  connections. 
This  technology  will  continue  to  be  labor  intensive 
into  the  near  future.  However,  there  will  be  modules 
defined  in  same  manner  as  the  lower  power  counter 
parts.  The  generalized  partitions  and  design  concepts 
transcend  the  power  boundaries  and  will  increase 
manufacturing  efficiencies  at  the  very  highest  power. 

Heat  removal  from  the  device  package  is  an 
equipment  or  system  design  factor.  For  a  given 
power  package,  the  ultimate  power  handling 
capability  depends  on:  liquid  vs.  air-cooling,  single¬ 
side  vs.  double-side  cooling,  and  other  methods  such 
as  phase  change  cooling.  These  methods  are  a  part  of 
a  thermal  circuit  that  extends  to  the  walls  of  the 
building  or  hull  of  the  ship  and  beyond.  These 
variables  must  be  considered  primarily  in  the  design 
beyond  PEBB.  Thus,  PEBB  must  provide  the  most 
reasonable  thermal  interface  to  larger  design 
problem. 

Filter  Block.  The  classic  input  and  output 
filters  are  low  pass  or  integrating.  Figure  10  shows  a 
classic  simple  LC  filter.  More  sophisticated  filters, 
with  many  more  poles,  can  be  designed.  However, 
with  active  filtering  built  into  the  inverter  control 
algorithms,  sophisticated  filters  will  only  be  needed 
in  custom  applications.  The  problem  is  that  the  range 
of  filter-cutoff  frequencies  and  possible  inductor  and 
capacitor  values  are  vast.  Work  will  continue  to 
define  a  set  of  capacitors  and  inductors  to  be  formed 
into  standard  filter  blocks. 

Work  is  needed  to  reduce  the  size  of  storage 
and  filter  capacitors.  DC  link  capacitors  dominate 
the  size  of  the  inverters. 

Digital  Control  Circuits.  In  the  past, 
different  inverter  designs  would  require  completely 
different  control  circuits.  Today,  the  majority  of 
inverter  designs  can  be  implemented  using  the  same 
control  circuit. 
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Digital  control  has  really  opened  up  the 
standard  module  possibilities.  All  digital  control 
circuits  use  microprocessors  and  EPLD  (Erasable 
Programmable  Logic  Devices  or  gate  arrays).  In 
fact,  control  circuits  based  on  these  technologies  can 
accommodate  just  about  any  control  algorithm  or 
scheme  with  software  changes  only.  These  new 
controllers  also  allow  dynamic  changes  in  control 
during  machine  operation.  Increased 
control  and  switching  bandwidth  allow 
power  electronic  machines  to  be 
electronically  tuned  or  configured. 

The  PEBB-1  control  circuit  shown 
in  Figure  16  uses  two  microprocessors  and 
is  laid  out  on  two  printed-circuit  boards. 

The  motherboard  is  about  6”x6”.  The 
daughter  board  is  6”xl2”.  The  control 
circuit  will  be  substantially  decreased  in 
size,  weight,  and  cost  by  using  surface 
mount  technology.  In  order  to  reach  the 
final  project  goals,  aggressive  application  of 
VLSI  technology  will  be  needed  — PEBB-3. 


Summarizing  PEBB  Details 

Both  high  and  low  power  devices  are  flat 
and  thin.  Gate  or  base  control  comes  in  from  the 
side.  Power  is  conducted  through  the  device  with  the 
control  surface  (  MOSFETS  or  inter-digitized  base 
or  gate  structures)  perpendicular  to  the  power  flow. 
All  power  devices  have  collateral  power  and  heat 
flow  at  the  large  flat  chip  or  wafer  surfaces.  At  the 
external  package  terminals,  power  is  conducted 
laterally  by  a  laminated  bus  or  cable  to  other  circuit 
components.  Heat  continues  on  to  some  method  of 
heat  exchange.  This  is  consistent  with  the  orthogonal 
relationship  proposed  and  is  applicable  to  the  very 
low  and  to  the  very  high  power  devices. 
Furthermore,  the  electrical,  thermal  and  mechanical 
requirements,  which  are  at  odds  with  each  other, 
define  the  form  of  the  power  switching  module  and 
the  final  form  of  the  whole  PEBB. 

A  “do  everything”  power  module  is  not 
realistic.  However,  a  multi-functional  set  of  building 
blocks  that  will  fit  together  to  satisfy  80%  of  the 
power  electronic  jobs,  is.  Like  a  set  of  children’s 
interlocking  blocks,  PEBBs  will  be  a  rational  and 
simple  set  of  blocks  and  procedures  that  most  any 
designer  or  architect  can  use  to  build  electrical 
systems.  Just  one  set  of  building  blocks  capable  of 
the  majority  of  the  day-to-day  jobs  will  enable  a  new, 
higher  volume  market  to  emerge. 

The  electrical,  mechanical,  and  thermal 
form  of  a  system  of  Power  Electronic  Building 
Blocks  has  been  defined  in  a  consistent,  systematic, 
manner.  Figure  17  identifies  all  the  parts  needed  for 
standard  PEBBs.  A  computer  aided  design  and 
selection  system  is  under  development  and  will  be 
used  to  simplify  the  power  electronic  design.  This 
Virtual  Test  Bed  will  be  complete  with  system  level 
visualizations  and  real-time  analysis  of  the  impacts  of 
the  PEBB  designed. 


Predefined  Building  Blocks 
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Figure  17.  PEBB  Parts.  The  PEBB  design  and  application 
environment  uses  CAD  tools  and  predefined  building  blocks. 
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An  Example,  Navy  Frequency  Chaneers/Radar 
Power  Supplies 

One  of  the  earliest  PEBB  objectives  was  to 
reduce  the  size,  weight  and  cost  of  Navy  Frequency 
Changers.  Figure  18  shows  the  original  PEBB 
objectives.  Frequency  changers  are  used  aboard  ship 
to  supply  power  to  power  modulator  applications  like 
radar,  converting  60Hz  to  400Hz.  Radar  loads  are 
non-linear  and  pulsing.  Thus,  frequency  changers 
isolate  the  rest  of  the  ship  from  the  effects  of  these 
loads.  Radar  and  aircraft  loads  are  concerned  about 
the  quality  of  power  they  receive;  so,  they  want 
frequency  changers  to  isolate  them  from  the  rest  of 
the  ship  power  system. 

The  simplest  frequency  changer,  as  stated 
earlier  (figure  1 1)  is  made  of  a  converter,  an  inverter 
and  a  DC  Link.  One  PEBB  is  programmed  as  a  boost 
converter  (rectifier)  and  the  other  an  inverter.  Each 
PEBB  is  comprised  of  power  switching,  filter  and 
control  building  blocks. 

Status  of  Cost  Reduction. 

The  1993  baseline  for  Navy  250kW 
inverters  is  given  in  Table  2.  Compared  to  this,  a 


for  a  250kW  PEBB-1.  Zero  voltage  soft  switching  is 
implemented  by  an  Auxiliary  Resonant  Commutated 
Pole  (ARCP)  power-circuit  topology.  The  total  cost 
of  the  inverter  is  reduced  by  41%,  Control  cost 
increased  by  33%;  however,  PEBB  controls  have 
increased  functionality. 

Table  2  Inverter  Costs 


Inverter 

Breakouts 

Cost  (k$) 

1993 

baseline 

1996  Pebb-1 
ROM 

Power  Electronics 

18 

17 

Controls 

9 

12 

Filter 

36 

11 

Misc. 

27 

13 

Total 

90 

53 

The  significant  change  was  in  the  filter.  The 
dc  and  ac  filter  size  dropped  from  40%  of  the 
machine  cost  to  22%  -  2/3  reduction  of  the  original 
filter  cost.  The  added  resonant  circuit  offset  these 
savings  slightly.  The  net  result  was  a  41%  cost 
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saving  for  the  whole  inverter  and  $0,2 1/W  cost 
factor.  Assuming  2  PEBBs,  low  storage  capacitor 
costs,  and  no  transformer  scaling,  a  frequency 
changer  cost  factor  would  be  roughly  twice  that  of  an 
inverter  -  $0.42/W  in  this  case. 

In  the  Power  Node  Control  Center  (PNCC) 
project,  another  PEBB  program,  SPD  Technologies, 
Barron  Associates,  lAP  Research,  and  Ingalls 
Shipbuilding  calculate  that  35%  of  the  cost  of  the 
400Hz.  system  on  DDG-51  flight  IIA  could  be 
saved[8].  This  is  in  good  agreement  with  the  41% 
decrease  in  inverter  cost  calculated  above.  Both  of 
examples  show  the  PEBB  program  making  progress 
toward  cost  goals. 


incorporates  platform  performance 
upgrades  by  means  of  software  and  open 
architecture  based  equipment  upgrades. 

•  Dynamic  reconfiguration  —  A  platform 
response  to  assure  power  to  vital  loads 
during  damage  or  failure.  Also,  managing 
the  energy  from  available  sources  and 
directing  energy  to  weapons,  sensors, 
armor  and  propulsion  as  needed  under 
rapidly  changing  conditions  such  as  battle. 

•  Mission  reconfiguration  -  A  change  in 
platform  state  in  response  to  varying 
readiness  conditions  such  as:  cruise,  on- 
station,  anchor,  battle,  etc. 


PHYSICS-BASED  MODELS  OF  POWER  NETWORKS; 
SIMULATION  OF  TOTAL  SHIP  POWER  SYSTEMS 
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Figure  3.  Major  steps  toward  an  electrically  re-configurable  ship 


Electrically  Re-Configurable  Ship 

Having  reached  the  Navy’s  power  density 
and  first-cut  cost  goals,  shipboard  energy 

management  and  control  can  now  be  envisioned. 
Figure  19  shows  the  major  steps  toward  this  future, 
as  planned  in  ONR’s  Electrically  Re-configurable 
Ship  program.  Ship  re-configuration  has  the 

following  meanings: 

•  Static  reconfiguration  —  A  set  of  equipment 
system  technologies  available  for  specific 
configuration  for  a  particular  ship, 
submarine,  or  aircraft  carrier  platform. 
Furthermore,  static  reconfiguration 


Electric  reconfiguration  must  be  realized 
while  controlling  cost  and  reducing  manning. 
Concurrent  engineering  is  essential.  Serial  science 
and  technology  exploration,  spanning  material 
through  systems,  is  far  too  costly  and  time 
consuming.  As  learned  in  the  PEBB  program, 
parallel  R&D  execution  maximizes  success  and 
minimizes  time  and  cost.  Concurrent  engineering 
management  is  a  nightmare;  however,  it  is  the  only 
way  to  achieve  vertical  technology  integration. 

Figure  19  shows  the  challenges,  each 
building  on  the  other.  Cost  is  basic  to  all  ensuing 
steps.  Beyond  acquisition,  maintenance,  and 
logistics,  costs  analysis  must  become  more 
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sophisticated  to  weigh  technology  merits  and  assess 
payoffs.  Efficiency  analysis,  particularly  heat  losses, 
must  yield  total  ship  thermal  management  strategies. 

The  frequency  changer  is  an  example  of  the 
regulation  and  stability  challenge.  As  stated  earlier, 
ship  systems  are  de-coupled  using  power  supplies 
and  transformers.  In  the  past,  a  pulse  power  system 
would  have  to  provide  its  own  power  supply  and 
energy  storage  so  as  to  be  separate  from  the  rest  of 
the  ship  system.  Very  quickly  size,  weight  and  cost 
become  major  factors.  If  these  systems  can  be 
“actively”  de-coupled,  then  shipboard  systems  can  be 
optimized;  energy  flow  can  be  bi-directional  and 
collectively  managed.  Conceivably,  even  the  ship’s 
kinetic  energy  could  be  harnessed.  Advancements  in 
power  electronic  science  and  technology  will  lead  to 
lower  cost,  more  efficient,  higher  performing  ships, 
submarines,  and  aircraft  carriers. 
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Abstract: 

The  ONR  and  TRP  Pebb  (Power  Electronic  Building  Block)  program  includes  a 
formidable  level  of  concurrent  engineering  including,  at  Harris; 

•  advanced  processes  capable  of  high  density  MOS  channels  to  allow  higher  peak  turn¬ 
off  currents,  particularly  in  n-type  mct’s 

•  large  area  n  and  pmct’s  as  well  as  night’s  with  suitable  diodes  for  application  in  very 
high  power  modules 

•  compact,  low  impedance  packaging  that  eliminates  conventional  wire  bonds 

•  driver  1C  and  integrated  gate  drive  circuit  development 

•  advanced  housing,  electrical  and  thermal  interfaces  that  decrease  volume  and  increase 
performance 

All  of  these  developments  provide  a  toolkit  of  building  block  technologies  that  have 
been  demonstrated  in  several  system  programs  including  a  250KW  arcp  motor  drive, 
now  in  test  at  NSWC  in  Annapolis  and  a  >100KW  hard  switched  Switch  Reluctance 
starter  generator  intended  for  aerospace  applications.  This  paper  looks  at  highlights  from 
device,  package,  driver  and  inverter  viewpoints. 


*  Members  of  VPEC  at  VPI,  Blacksburg,  VA 


1.  Pebb  Toolkit  Devices  and  Device  Physics 
1.0  Introduction: 

The  ONR  supported  Pebb  program  is  intended  to  revolutionize  the  way  power  systems 
are  designed,  built  and  utilized.  However,  unlike  many  system  programs,  it  addresses  the 
key  power  device  technologies  upon  which  it  is  dependent,  pushing  both  MCT’s  and 
IGBT’s  to  reach  higher  levels  of  conduction  and  switching  efficiencies.  Because  of 
particular  Navy  needs  for  high  frequency  power  conversion  a  good  deal  of  the  system 
activity  has  focused  on  soft  switching  circuits,  especially  the  arcp  converter,  and  the 
devices  that  best  serve  those  topologies.  Our  device  driven  activities  have  first  included 
advanced  processes  capable  of  very  high  MOS  channel  density  (20  to  30  m/cm2)  to 
allow  higher  peak  turn-off  currents,  particularly  in  n-type  mct’s  and  second,  large  area  n 
and  pmct’s  as  well  as  night’s  with  suitable  diodes  for  application  in  very  high  power 
modules.  Our  system  integration  of  these  devices  encompasses  the  development  of 
compact,  low  impedance  packaging  that  eliminates  conventional  wire  bonds,  driver  IC 
and  integrated  gate  drive  circuits  and  advanced  housing,  electrical  and  thermal  interfaces 
that  decrease  volume  and  increase  performance 

All  of  these  developments  have  been  realized  and  demonstrated  in  several  system 
programs,  one  of  which,  a  250KW  arcp  [1]  motor  drive,  is  described  in  a  companion 
paper  while  this  paper  focuses  on  the  basic  device  issues  and  includes  both  device  test 
results  and  modeling  to  compare  p  and  n-type  met  advantages  and  disadvantages  to  n- 
type  igbf  s.  We  first  discuss  the  device  limitations  and  opportunities  imposed  by  MCT 
and  IGBT  basic  physics.  This  is  followed  by  some  recent  n  and  p-met  pebb  device 
results  and  finally  by  modeling  results  comparing  devices  built  from  the  same  starting 
wafer  with  the  same  carrier  lifetime  profiles.  This  is  as  close  to  an  apples  to  apples 
comparison  as  can  be  made.  The  conclusions  that  are  drawn  are  not  unexpected  in  that 
they  confirm  the  breakdown  voltage  (10  to  15%),  forward  drop  (up  to  a  factor  of  2)  and 
switching  loss  advantage  of  the  n-type  MCT  inherent  in  its  4-layer  structure  while 
shedding  some  light  on  the  superior  controllability  of  the  IGBT  that  is  derived  from  its 
series  gate  control  (provided  its  current  is  below  the  latch-up  level).  To  date  our  system 
demonstrations  have  used  pmct’s,  nmcf  s  and  NPT  night’s  in  the  phase  leg  switches  and 
pmct’s  as  well  as  a  combination  of  p  and  n-type  mct’s  in  the  resonant  branches. 

Figures  1  through  4  outline  the  difference  in  device  physics  between  the  n-type  IGBT  and 
the  n-type  MCT  and  what  that  means  in  terms  of  ultimate  device  performance  and 
application.  Figure  1  shows  their  basic  cell  structures,  which  are  very  similar  except  that 
the  MCT  replaces  the  IGBT’s  emitter  short  with  a  p-channel  MOS  short.  In  the 
SILVACO  device  simulations  that  follow  figure  4,  all  junction  depths,  carrier  lifetime 
profiles  and  doping  profiles  are  otherwise  the  same. 

Figure  1  also  indicates  the  difference  in  current  flow  of  electrons  and  holes  which,  in  the 
MCT,  are  typically  like  a  diode,  and  which,  in  an  IGBT,  are  forced  to  separate  into  a 
channel  portion  and  an  emitter  short  portion.  In  most  IGBT’s  the  channel  portion  is  most 


of  the  current,  leading  to  a  fast  device,  but  obviously  puts  enormous  current,  power  and 
thermal  stress  on  the  channel.  In  the  MCT  channel  current  flows  only  during  switching 
leading  to  a  more  reliable  MOS  gate. 

Figure  2  shows  that  the  MCT  cell  structure  in  real  devices  is  more  complicated.  Because 
MCT’s  latch  into  the  on-state,  a  single  turn-on  cell  would  be  enough  to  turn  on  the  device 
but,  in  fact,  we  design  in  a  high  density  to  enable  lightning  fast  tum-on  with  no  failures 
even  at  175KA/us,  our  present  test  limit.  The  solid  circles  in  figure  2  are  the  MCT  on- 
FET  channels.  When  we  then  compare  a  typical  IGBT  device  of  the  same  channel 
density  as  the  MCT  we  see  that  the  shape  of  the  blocking  region  is  quite  different  in  two 
ways.  The  small  overlap  of  gate  electrode  and  lower  base  region  of  the  MCT  leads  to 
much  lower  Miller  gate  capacitance  and  much  less  switching  “noise”.  More  important, 
the  shape  of  the  blocking  junction  leads  to  near  plane  junction  breakdown  voltage  in  the 
MCT  while  the  IGBT  cell  structure’s  3-D  curvature  leads  to  lower  SOA.  In  our  modeling 
the  SOA  difference  was  modest,  about  15%  higher  in  the  more  plane  junction  MCT. 


Fig  1.  IGBT  and  MCT  cross  sections  and  current  flow 
lines  (MCT  requires  one  additional  diffusion) 


wide  base  region 


blocking  junction  region 


MCT:  near-plane  SOA,  IGBT:  3-D  curvature 

low  Miller  capacitance  limited  SOA,  large  Miller 

capacitance 

Fiq  2.  Low  MCT  on-FET  density  allows  better 
SOA  and  Miller  capacitance  design  trade-offs 


Figures  3  and  4  look  at  the  basic  differences  in  carrier  modulation  levels  in  the  MCT  and 
the  IGBT  that  arise  because  the  MCT  injects  carriers  from  both  sides  of  the  device. 
Essentially  these  figures  show  that  the  modulated  carrier  density  falls  exponentially  as 
one  moves  away  from  the  emitting  junction.  In  order  for  1/e  of  the  carriers  leaving  the 
IGBT  lower  emitter  to  reach  the  upper  emitter  short  the  diffusion  length  L  must  equal  W, 
essentially  the  thickness  of  the  lower  base.  This  infers  a  certain  level  of  carrier  lifetime, 
t_h,  cind,  therefor  a  certain  turn-off  speed.  For  a  double  injection  device  to  have  its 
lowest  modulation  at  an  equivalent  level,  the  diffusion  length  L  needs  to  be  only  W/2 
which  can  be  achieved  with  a  4  times  lower  t_h.  For  this  reason  we  expect,  and  find,  in 
our  simulations  that  MCT’s  are  both  lower  in  forward  drop  (better  modulation,  no  JFET 
or  channel  contribution  to  Vf)  and  up  to  4  times  faster. 


Fig  3.  IGBT:  Series  MOS  control,  moderate  modulation 


Fig  4.  MCT:  uniform  current,  t_rec  up  to  4  times  faster 


1.1  Why  make  a  p-type  MCT:  n  vs  p-type  MCT’s 

Figures  5-8  are  experimental  results  on  developmental  n  and  p-type  MCT’s.  From 
industry  experience  with  p-type  (the  blocking  voltage  primarily  supported  in  p-type 
silicon)  bipolar  power  devices  such  as  pnp  power  transistors  or  p-type  IGBT’s  one  would 
not  expect  Harris’  first  MCT  product  to  be  p-type.  For  example,  a  p-type  IGBT  is  slower 
with  poorer  SOA  and  with  a  much  higher  forward  drop  (the  p-channel  MOS)  than  an  n- 
type  IGBT.  In  the  MCT  speed  and  SOA  are  lower  than  an  NMCT  but  the  p-type  MCT  is 
still  very  low  in  forward  drop.  The  answer  lay  in  the  in  device  cell  densities  practical  3-5 
years  ago.  The  problem  with  making  the  n-type  MCT  was  never  the  vertical  device 
tradeoffs  but  rather  the  fact  that  the  off-FET  that  shorts  the  upper  emitter  junction  was  p- 
chatmel  and  therefor  3  times  higher  in  resistance.  Unable  to  reach  off-FET  charmel 
densities  that  would  allow  us  to  turn-off  400A/cm2  (for  a  modest  peak  controllable 
current  to  RMS  current  rating)  at  150C  in  an  NMCT,  we  thought  there  would  be  a  market 
for  conduction  efficient  p-type  MCT’s  at  cell  densities  that  were  typical  in  MOS  fabs  in 
the  early  90’s..  That  we  could  and  have  scaled  that  p-type  MCT  capability  in  the  PEBB 
program  is  shovra  by  figures  5  which  illustrates  >500A/cm2  turn-off  of  about  a  lcm2 
active  area  PMCT.  Only  a  few  of  these  devices  have  to  be  packaged  and  paralleled  to 
reach  >1000 A  as  seen  in  fig  6. 


Talc  Run:  lOOMS/s  HI  Res  Mo(y  HTP  PMCT 


Fig  5.  Gen2  PMCT  maximum  l-off  capability 
>550A/cm2  (150C,  260V) 

pebb/reports/d_mct/lonclon.pre,vakt,12-3- 


Fig  6.  Single  switch  (3  parallel  600V 
PMCT  HTP's)  turn-off  at  1116A,  125C 

pebb/reports/d_mct/london.pre,vakt.12-3- 


During  the  past  7  years  cell  densities  have  increased  in  order  to  fabricate  low  Rds-on  low 
voltage  MOSFET’s  to  the  point  that  n-type  MCT’s  can  be  made  that  can  turn  off  several 
hundreds  of  amperes  per  square  centimeter  with  simulations  projecting  reaching 
1000A/cm2 1-off  levels  inside  by  the  end  of  this  phase  of  the  PEBB  program.  At  this 
time,  we  have  already  turned  off  1 100A/cm2  at  room  temperature  and  >500A/cm2  at 
150C  using  a  MOS  gate  density  of  25  meters  per  cm2.  Along  the  way  we  have  been 
doing  our  homework,  some  experimental  and  some  modeling.  For  example,  the 
experimental  device  results  shown  in  figure  7  showed  the  expected  improvement  in 
switching  speed  and  forward  drop  between  similar  BV  n  and  p-type  MCT’s  while,  in 
figure  8  we  show  the  results  of  one  of  our  PEBB  lot  experiments  on  the  effect  of  the 
buffer  region  design  (the  higher  doped  region  of  the  lower  base  of  an  MCT  or  IGBT  at 
the  lower  emitter).  The  results  shown  in  figure  8  come  from  hard  switched  turn-off  and 
forward  drop  measurements  of  NMCT’s  made  on  two  types  of  starting  material  and  then 
electron  irradiated  at  various  dose  levels.  The  heavier  buffer  staring  material  provided 
many  times  lower  switching  loss  devices  for  the  same  forward  drop  -  repeating  results 
found  in  moving  from  first  to  second  generation  NIGBT’s.  The  lower  loss  NMCT’s  were 
fabricated  in  1 200V  NIGBT  starting  material  with  higher  buffer  doping. 


VflOO  vs  E-off  at  Vc=400V  for  different  wafer  splits 
E-off  (mJ)  at  lOOA,  150  C 


VfatlOOA,  25C  (mV) 

Fig  7.  N-type  power  devices  are  several  times 


lower  in  switching  losses 


45037  gen2  N-MCT  inventory  analysis 

Forward  drop  at  100A,  25C 
Turn-off  energy  at  800V,  100A  at  150C 
forward  drop  (mV) 
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Fig  8.  N-MCT  Switching  Speed  Optimization  Experiment 

pebb/reports/d_mct/london.pre,  vakt,  1 2-3-97 


1.2  NMCT  and  NIGBT  simulation  study  highlights 


Figure  9  to  13  outline  a  simulation  experiment  on  the  MCT  and  IGBT  structures,  both 
having  the  same  cell  density,  33  m/cm2  (which  would  make  excellent  I-off  NMCT’s  and 
very  low  channel  drop  IGBT’s),  both  having  the  same  starting  material  and  the  same 
channel  length  and  both  then  “electron  irradiated”  by  setting  the  electron  and  hole 
lifetimes  in  the  wide  base  at  different  levels  (with  electron  lifetime  at  7  times  the  hole 
lifetime,  presumably  the  ratio  seen  using  electron  irradiation).  Each  starting  material 
combination  of  epi  thickness  (for  voltages  300, 600  and  1200V)  and  buffer  charge,  4 
levels  from  Iel3/cm2  to  2el4/cm2)  was  simulated  as  an  NMCT  and  as  an  NIGBT  over  a 
complete  range  of  carrier  lifetime.  For  each  case  a  forward  drop  curve  was  made  and  the 
forward  drop  tabulated  at  100A/cm2.  For  each  case  the  device  SOA  was  swept  out  by 
forcing  current  at  increasing  levels  with  the  device  held  off.  Inductive  turn-off  was  at 
100A/cm2  at  half  the  device  rated  BV. 

Figure  9  shows,  on  the  left,  NMCT  results  where  Vf  at  100A/cm2  is  plotted  on  the  x-axis 
against  the  simulated  turn-off  energy  (both  here  at  25C)  on  the  y-axis.  Each  curve  is  for  a 
25um  thick  buffer  of  increasing  doping  level.  The  higher  the  buffer  doping,  the  better  the 
trade-off  Note,  for  example,  that  at  about  1.5  V  Vf  the  improvement  from  lei  3  to2el4 
buffer  is  about  a  factor  of  3  much  like  our  experimental  result  shown  earlier.  On  the 
right  is  the  SOA  for  the  same  buffers.  Clearly  about  a  300v  higher  SOA  is  obtained  by 
slightly  backing  off  on  the  buffer  doping  to  about  Iel4/cm2.  Note  also  that,  for  the  SOA 
curves,  we  have  chosen  to  pick  the  carrier  lifetime  cases  with  100A/cm2  forward  drops 
close  to  1.5V.  Similar  curves  and  data  were  done  for  300V  and  600V  thick  lower  bases 
for  the  same  set  of  buffer  charges  for  both  MCT’s  and  IGBT’s  and  for  25C,  75C  and 
150C  for  the  optimum  buffer  case.  All  results  were  similar  to  those  discussed  below  and 
shown  in  figures  10  to  13.  The  1200V  PMCT  was  also  modeled,  in  this  case,  by 
generating  an  exact  device  complement  of  the  corresponding  NMCT. 

Figure  10  is  a  typical  compeirison  from  our  study.  At  these  channel  densities,  33ni/cm2, 
the  IGBT  Vf  s  are  extremely  low  by  IGBT  standards  and  NMCT  turn-off  current  exceeds 
1000A/cm2.  But  both  the  p  and  n-type  MCT’s  are  lower  still  in  Vf  because  of  their  much 
better  modulation.  And  they  are  lower  in  Vf  despite  having  a  lower  t-H  (high  level 
carrier  lifetime)  which  simultaneously  results  in  about  a  2.5  to  3  times  lower  switching 
loss  for  the  NMCT  and  about  the  same  switching  loss  for  the  PMCT.  Furthermore,  as 
explained  by  figure  2  the  NMCT  is  expected  to  have  a  higher  SOA.  For  the  NMCT 
point  at  Vf(100A/cm2)=  1.32V,  switching  loss=13mJ  and  the  SOA  at  lOOOA  I-off  was 
1560V.  In  comparison,  for  the  NIGBT  point  at  Vf(100A/cm2)=1.40,  switching 
loss=27mJ  and  the  SOA  at  1000A/cm2  is  a  full  200V  lower  at  1356V.  This  makes  the 
point  that  the  thyristor-based  MCT  structure  is  faster,  lower  in  Vf  and  higher  in 
SOA  than  the  transistor-based  IGBT  structure  with  less  thermal  stress  on  the  MOS 
channel(s).  This  has  also  been  seen  in  preliminary  simulations  of  more  recent  vertical 
structures  such  as  NPT  (non-punch-through)  structures. 


Fig  9.  N-type  MCT  and  IGBT  Simulation  Study  to 
optimize  Vf,  E-off,  SOA  at  300,  600  &  1200V 


1200  V  N-MCT:  Vr(100)  vs  E-off  1200-V  N-MCT:  SOA  when  V  -UV  ®100A/cm 


dense  channel  DMOS  buffer  charge  for  1 .5V  Vf@1  OOA 

MCTs  for  different  buffer  Q  MCTs 

pebh/reports/d_mct/london.pfe,vakt,  1 2-3-97 


Fig  10.  Switching  loss  vs  conduction  loss  for  nMCT 
compared  to  nIGBTs  for  very  dense  channel  MOS  gate; 


1200V  device  comparison,  25um,  1e14  buffer 
E-off(mJ)  at  100A.  600V.  25C 


Forward  drop  at  100A/cm2,  25C 

1200V  NMCT,  NIGBT  &  PMCT: 
E-off  vs  Vf,  25um  buffer 


pebb/reports/d_mct/london.pre,vakt.12-3- 


What  has  not  been  pointed  out  is  the  fact  that  the  IGBT’s  series  MOS  gate  control 
provides  control  options  that  have  system  value  to  counter  shortcomings  in  efficiency. 

For  example,  over  a  small  but  often  usable  range  of  gate  voltage  the  IGBT  can  limit 
current.  This  can  be  put  to  use  in  the  typical  PWM  phase  leg  by  moderating  the  di/dt  as 
current  is  turned  on  into  say,  the  lower  IGBT  from  an  upper  diode  thereby  lowering  the 
reverse  recovery  stress  on  the  diode.  This  is  normally  done  by  inserting  a  properly 
selected  series  resistor  into  the  gate  circuit,  slowing  turn-on  at  the  expense  of  additional 
tum-on  losses  but  opening  diode  selection  to  lower  loss  diodes.  Often  quoted  IGBT  turn¬ 
on  switching  losses  are  as  high  as  turn-off  losses.  This  turn-on  control  feature  can  be 
built  into  MCT’s  as  well  if  two  gate  terminals  are  brought  out. 

IGBT’s  have  another  useful  control  feature  arising  from  the  series  MOS  control.  For  any 
give  gate  voltage  and  gate  threshold  voltage  there  is  a  channel  current  at  which  the 
charmel  will  pinch  off  If  the  IGBT  does  not  latch  up  at  that  current  then  it  will  tend  to 
limit  current  for  a  short  time.  The  higher  the  current  limit,  the  higher  the  dissipation. 

This  dissipation  has  two  components:  the  component  in  the  several  hundred  angstrom  ■ 
thick  channel  given  by  the  current  times  the  gate  voltage  minus  the  gate  threshold  and  the 
overall  device  dissipation  given  by  the  current  times  the  system  voltage.  As  a  practical 
matter  the  device  is  able  to  limit  current  at  perhaps  an  order  of  magnitude  of  current 
higher  than  rated  RMS  current  for  10  or  20  microseconds.  The  current  limit  of  an  IGBT 
with  a  5V  threshold  voltage  and  driven  with  a  12  volt  gate  that  had  a  channel  contribution 
to  forward  drop  of  0.5V  at  rated  current  (say,  100A/cm2)  would  current  limit,  to  first 
order  at  (12-5)/.5*100=1400A/cm2.  For  our  1200V  device  operating  on  an  800V  buss 
this  would  generate  an  average  dissipation  of  1.12MW/cm2  in  an  IGBT  silicon  volume 
that  could  be  as  thin  as  0.015cm  for  a  power  density  of  about  70MW/cm3.  At  these 
dissipation  levels  we  have  a  few  microseconds  for  our  controller  to  decide  to  turn  off  the 
device. 


The  IGBT’s  simulated  in  figure  10  with  the  unexpectedly  low  Vf  s  are  possible  but  they 
carmot  current  limit  in  any  useful  sense  because  their  channel  density,  being  so  high, 
leads  to  too  low  a  channel  voltage  drop.  Returning  to  the  simulations  that  went  into  the 
data  in  figure  10  we  found  that  regardless  of  the  electron  irradiation  level  or  buffer  charge 
that  the  channel  drop  at  100A/cm2  of  device  current  was  between  10  and  12  millivolts. 
This  is  seen  in  the  right  hand  plots  in  figure  1 1 .  A  similar  low  drop  of  1 5  to  24  mV  is 
seen,  but  plotted  for  200A/cm2  for  the  600V  IGBT’s  depicted  in  the  left  side  plots  of 
figure  1 1 .  With  a  gate  voltage  5 V  above  threshold  (lower  is  probably  untenable  in  noisy, 
high  current  applications)  a  linear  estimate  of  the  channel  limited  current  density  is  about 
50KA/cm2. 


current  limit  level  ~50KA/cm2 

600  VIG8T;Vr  at  200A  vs  MOS  channel  drop 


current  limit  level  ~45KA/cm2 

1200  V IGBT;  Vf  aft  100A  vs  MOS  channel  drop 


1200V  device  comparison,  25um,  1e14  buffer 
t-off, effective  at  100A.  600V.  25C  (us) 


Fig  1 1 .  High  channel  density  is  a  two-edge  sword 
in  IGBTs  since  current  limiting  capability 
decreases  with  increased  channel  density 


Forward  drop  at  100A/cm2,  25C 
Fig  12.  1200V  NMCT,  NIGBT  &  PMCT: 

t-off  vs  Vf  at  1 00A/cm2 

*  assumes  0.5V  channel  plus  JFET  drop  for  current  limiting 


The  conclusion  is  clear.  IGBT’s  can  be  designed  to  be  current  limiting.  If  so  the  high 
channel  densities  we  needed  for  1000A/cm2  maximum  turn-off  current  in  the  NMCT  are 
not  needed  but  such  IGBT’s  will  have  an  extra  half  volt  penalty  for  channel  drop 
under  normal  operating  conditions,  so  that,  at  10  to  20  times  rated  current  the 
channel  will  be  able  to  be  pinched  off.  Thus  Figures  12  and  13  are  then  more 
realistic  in  NMCT  vs  NIGBT  comparisons  as  it  gives  the  non-current-limiting  as 
well  as  a  potentially  current  limiting  IGBT  switching  loss  vs  forward  drop,  ftgure 
12  plotting  turn-off  time  vs  Vf  and  figure  13  plotting  turn-off  energy  loss  vs  Vf.  Note 
that  the  data  shown  was  simulated  at  25C.  Similar  results  are  obtained  at  higher 
temperatures. 

Simulation  limitations:  While  the  simulations  above  give  the  best  apples  to  apples 
comparison  of  MCT  and  IGBT  one  should  be  careful  not  to  treat  the  data  as  etched  in 
stone.  First,  the  calculations  are  2-D,  not  3-D,  which  understates  MCT  conduction  and 
turn-off  current  capability  and  overstates  IGBT  SOA.  Second,  the  specific  Vf  and  E-off 
curves  required  assumptions  on  carrier  lifetime  distribution  and  algorithms  that,  while 
identical  for  MCT  and  IGBT  calculations,  have  some  uncertain  parameters.  Third,  both 
devices  will  have  different  curves  if  different  techniques  for  controlling  carrier  lifetime 
are  used  -  for  example,  platinum  doping  or  neutron  irradiation  which  have  already  shown 
up  in  third  and  fourth  generation  IGBT’s. 


Finally,  the  structures  examined  and  the  few  figures  from  our  study  shown  here  were  all 
punch-through  designs.  In  fact,  for  high  voltage  devices  (>/=  lOOOV,  for  example)  the 
best  IGBT’s,  emd  by  inference  and  preliminary  modeling,  the  best  MCT’s  are  produced 
using  a  non-punch-through  structure  with  a  transparent  backside  emitter  whose  function  it 
is  to  limit  wide  base  transistor  gain  and  to  recombine  stored  charge  during  turn-off 

1.3  Special  MCT  designs  are  practical 

Three  system  related  features  can  be  designed  into  the  present  generation  of  MCT’s 
within  the  process  limits  of  the  current  generation  of  PEBB  MCT.  The  first  of  these  is  a 
built-in  pilot  consisting  of  a  fraction  of  a  percent  of  the  active  area  cells  with  a  separate 
power  contact.  Feeding  the  current  from  this  contact  through  a  series  resistor  allows,  for 
resistor  voltages  up  to  about  100  mV,  a  good  measure  of  the  entire  device  current.  The 
current  ratio  seems  to  be  independent  of  temperature  and  fairly  linear  in  this  range. 

Because  the  MCT  includes  IGBT-like  cells  to  turn  on  the  device  it  is  possible  to  imagine 
a  two-gated  MCT  that  can  operate  in  either  IGBT  mode  or  MCT  mode. 

The  third  feature  is  to  shift  on  and  off-FET  thresholds  positive  so  that  device  current  can 
be  turned  off  at  zero  volts.  Typically  this  means  shifting  the  on-FET  threshold  several 
volts  more  negative  in  an  NMCT  and  shifting  the  off-FET  threshold  from  several  volts 
positive  to  6  or  6  volts  negative.  We  have  found  in  our  high  current  device/module  world 
that  bipolar  gate  drives  are  common  because  of  the  high  level  of  gate  noise.  However,  we 
have  found  that  system  users  prefer  to  have  a  device  that  can  be  powered  up  in  the  off- 
state  without  power  being  available  to  the  drive  circuitry.  Adding  a  few  cells  per  cm2  in 
which  the  emitter  is  hard  shorted  accomplished  this  in  the  same  manner  that  emitter 
shorting  controlled  classical  SCR  dv/dt  capability. 

Vf  at  100A  vs  E-off  at  100A,600V 

buffer  Q=1e14/cm2,  10  um 
l-limit  channel  plus  JFET  drop=0.5V 

E-off,  mJ 


Vf  at  100A/cm2  at  25C 

Fig  13.  1200V  NMCT  vs  NIGBT:  Vf  vs  E-off 

SOA  voltage  at  1000A/cm2:  MCT  1560,  IGBT  1360 
*  assumes  0.5V  for  channel  and  JFET  for  current  limiting 


1.4  Summary 


MCT’s  are  especially  suited  for  low  VF  and  high  efficiency  while  IGBT’s  can  be 
designed  to  retain  some  gate  control  capability  that  can  be  used  to  soften  turn-on  and  to 
facilitate  a  few  microseconds  of  current  limiting.  MCT’s  have  a  higher  SO  A,  much  less 
channel  thermal  stress  and  an  order  of  magnitude  lower  Miller  capacitance  leading  to  less 
switching  induced  gate  noise.  Low  MCT  Vf  requires  closer  matching  of  Vf  s  in  devices 
to  be  paralleled.  Low  conduction  loss  and  fast  MCT  tum-on  have  led  to  devices  with 
>175KA/us  i/dt  capability  and  45KA  peak  current  (test  limits)  in  a  single  THINPAK 
packaged  NMCT,  an  extreme  example  of  the  MCT’s  value  in  high  current  applications. 
IGBT’s  are  a  must  for  applications  where  random  shorts  with  high  di/dt’s  must  be 
protected  against  by  the  power  switching  device  alone.  As  discussed,  these  IGBT’s  must 
be  designed  with  an  appropriate  channel  drop  under  normal  current  operation  which 
degrades  on-state  efficiency. 


2.0  The  Thin-Pak,  a  superior  paekage  toolkit  technology: 

The  emerging  advanced  power  device  technologies  such  as  Mos  Controlled  Thyristor 
(MCT)  and  (IGBT)  are  pushing  the  current  densities  ,  switching  speeds  and  frequencies 
to  new  dimensions.  To  fully  utilize  the  capabilities  of  such  devices  we  need  to  provide 
the  electrical,  structural  and  thermal  environments  compatible  with  their  packaging 
requirements  In  response  to  this  need,  Harris  Semiconductor  developed  the  ThinPak 
technology  which  offers  a  new  approach  for  packaging  of  high  performance  power 
devices  designed  for  both  commercial  and  military  applications.  The  ThinPak  consists 
of  a  power  device  and  a  dielectric  interposer  or  simply  a  lid,  with  a  specific  through  hole 
pattern  (fig  14a  and  b).  Both  surfaces  and  through  holes  of  the  lid  are  metalized.  Since 
the  solderable  metalization  pattern  on  the  corresponding  surfaces  of  the  lid  and  the  die  are 
identical  they  can  be  easily  soldered  together.  The  power  and  gate  electrodes  are  then 
attached  to  the  solderable  metalization  of  the  top  surface  of  the  lid. 

The  electrical  performance  and  thermal/structural  reliability  of  THINPAK  exceeds  those 
offered  by  the  multiple  wire  bond  alternative.  Thermal  and  electrical  characteristics  of 
ThinPak  which  is  an  advanced,  device  level,  surface  mountable,  potentially  hermetic 
package,  were  modeled  and  tested.  Model  and  xperimental  results  are  tabulated  in 
table  2.  Figure  15  shows  one  of  the  module  cross  sections  that  was  simulated  and  tested. 
Note  that  the  integral  heat  sink  provides  the  maximum  performance.  Reliability  of 
ThinPak  under  thermal  shock  and  cycle  conditions  was  experimentally  verified. 


Fig  14a.  Solderable  device  and  lid  metals 


Fig  14b.  assembly  of  a  multiple  ThinPak 
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Table  2.  Results  of  3D  FEA  for  various  power  module  configurations 
with  experimental  resnlts  from  present  Pebb  toolkit  options 


1 

area 

in2 

spreader 

heat  sink 

Tj,  calc/expt  @ 
100W/cm2, 
active  area 

Rja, 

calc/expt 

P_60C 

calc/expt 

1 

10.2 

0.1”  AlSiC 

external 

178/na 

.127/na 

470/na 

2 

10.2 

0.2”  AlSiC 

external 

163/na 

.116/na 

515/na 

3 

external 

150/na 

.107/na 

560/na 

m 

10.2 

0.2”  CuMo 

external 

147/na 

.105/na 

571/na 

5 

10.2 

0.2”  CuMo 

external 

129/na 

.092/na 

651/na 

6 

10.2 

0.1”  CuMo 

external 

164/na 

.117/na 

512/na 

1 

10.2 

0.1”  CuMo 

baffled 

121/na 

.086/na 

694/na 

8 

10.2 

0.1”  CuMo 

integral  40%Cu40 

70/na 

.050/na 

1200/na 

9 

10.2 

0.15”  Cu 

external 

137/na 

.980/na 

613/na 

10 

3.1 

none 

external 

264/94C@500W 

.189/.19 

318/320 

11 

3.1 

none 

baffled 

162/80C@800W 

.116/.10 

519/600 

12 

3.1 

none 

integral  40%  Cu40 

60/55C@1000W 

.043/.055 

1400/1100 

13 

3.1 

none 

integral  40%  CulO 

na/100C@2000W 

na/.05 

na/1200 

14 

3.1 

none 

integral  40%  Cu 

na/65C@1000W 

na/.065 

na/925 

Fig  15.  Module  Stack  Elements 
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3.0  Control  toolkit  technology,  the  “driver2  IC” 

The  performance  limits  of  today’s  MOS  controlled  power  devices  has  quickly  and 
steadily  increasing  over  the  past  two  decades.  Device  performance  of  the  IGBT  (Insulated 
Gate  Bipolar  Transistor)  has  grown  from  a  meager  1  Amp,  200  volt  very  fragile  device  to 
a  cornerstone  component  that  is  regularly  called  on  to  control  currents  in  excess  of  one 
hundred  amperes  and  voltages  in  the  range  of  600,  to  1600  volts.  MCT’s  (MOS 
Controlled  Thyristors)  have  also  reached  similar  levels  of  voltage  and  somewhat  higher 
levels  of  performance  in  terms  of  current  and  current  density.  EST’s  (Emitter  Switched 
Thyristors)  will  also  dwell  in  this  high  power  domain.  Additionally,  power  MOSFET’ s 
have  grown  in  active  die  area  to  exceed  1  centimeter  square.  These  are  all  substantial 
devices  with  applications  that  make  use  of  their  individual  attributes;  however,  their 
development  has  also  required  the  development  of  new  gate  drivers  that  are  very  fast  and 
rugged. 


What  is  presented  is  a  family  of  gate  drivers  that  are  intended  to  address  the  needs  of  high 
power  MOS  gated  devices.  In  the  case  of  the  MCT  the  gate  capacitance  is  simply  the 
equivalent  of  a  parallel  plate  system,  for  an  active  area  of  1  sq.  cm.  the  gate  capacitance  is 
typically  on  the  order  of  40nF.  However  the  situation  is  somewhat  more  complex  in 
devices  that  exhibit  a  more  pronounced  Miller  Effect,  as  with  IGBT’s  and  MOSFET’ s.  In 
the  case  with  these  devices,  the  Miller  Effect  works  to  effectively  increase  the  total 
charge  that  must  be  supplied  by  the  gate  driver.  The  requirements  of  a  gate  drive  circuit 
that  must  reliably  control  these  devices  is  fast  rise  and  fall  times,  with  excellent  slewing 
capabilities  with  capacitive  loads,  both  linear  and  non-linear.  As  a  result  of  the  capacitive 
nature  of  the  gate,  the  peak  currents  developed  can  be  quite  high.  In  the  case  of  an  MCT 


gate  being  driven  from  -15  volts  to  +15  volts,  in  100  nanoseconds  an  estimate  for  th^ 
charging  current  of  12  Amperes  per  sq.  cm.  of  active  device  area  is  typical. 

The  family  of  gate  drivers  we  have  developed  and  tested  is  built  around  an  IC  (integrated 
circuit)  shown  in  figure  16  using  a  Power  BiMOS  process.  In  its  simplest  form  it  is 
provided  as  a  single  1C  in  a  28  pin  surface  mount  plastic  package.  A  three  die  version 
which  includes  two  discrete  MOSFET’s  as  an  power  amplifier  is  also  packaged  in  the 
same  28  pin  surface  mount  plastic  package.  Performance  Data  is  presented  as  well  as  an 
actual  high  power  inverter  application.  A  final  main  option  includes  the  driver  IC  and  a 
charge  pump  to  satisfy  applications  which  require  both  gate  drive  polarities  without  the 
user  having  to  provide  a  special  power  supply.  The  output  impedance  of  the  non- 
amplified  versions  is  sufficiently  low  to  serve  most  applications. 


Table  2:  General  Driver  Specifications  ,  ,  ,, 

Rise  and  Fall  Time 

80-160 

nseconds 

Programmable  Propagation  Delay 

0.14-  10^5 

pseconds 

Output  Swing  (pk-pk) 

30 

volts 

Output  Current  Peak 

to 

amps 

Load  Capacitance 

4-  180 

nF 

Load  Impedance 

0.1 

ohm 

Fig  16.  “Driver2”IC 
Features 

Programming  for  either  polarity  of  power  semiconductor, 
Unlatched  or  latched  operation  using  synchronous  or 
asynchronous  clocking, 

Temperature  sensing  of  the  IC,  with  a  flag  set  at  a 
nominal  165  C, 

Undervoltage  sensing  and  lockout. 

Auxiliary  +/-  5  volt  power  supplies. 

Auxiliary  comparator  switching  <  100  nanoseconds 
Auxiliary  op  amp  >  750  kHz  bandwidth 


4.0  250KW  Soft  Switched  ARCP  Inverter  Demonstration 

The  effort  of  providing  a  more  integrated,  modular  design  of  power  electronic  systems  by 
employing  advanced  power  semiconductor  devices  and  advanced  packaging  technologies 
as  well  as  more  standardized  control  interfaces  leads  to  the  Power  Electronics  Building 
Block  (PEBB)  concept.  This  section  will  focus  on  one  design  example  for  a  PEBB 
application,  a  250KW  soft-switching  inverter  with  20KHz  operating  frequency.  An 


Auxiliary  Resonant  Commutated  Pole  (ARCP)  topology  [1]  is  chosen  to  achieve  zero- 
voltage  switching  for  both  tum-on  and  turn-off  of  the  main  power  devices.  Auxiliary 
switches  are  MOS  Controlled  Thyristors  (MCT’s)  because  of  their  high  peak  current 
handling  capability  [2]  and  high  di/dt  and  high  dv/dt  capability.  N  and  p-type  MCT’s 
allow  the  auxiliary  switch  gate  drivers  to  be  referenced  to  a  stable  operating  point, 
simplifying  auxiliary  switch  control  and  increasing  reliability.  The  Thin  Pack 
technology  [3]  is  used  to  eliminate  wire  bonding  ensuring  low  inductance  design  and 
more  uniform  dynamic  current  distribution.  The  pebb  device  modules  include  an 
advanced  integrated  fluid  heat  exchanger  that  more  than  doubles  the  total  heat  removal 
efficiency  from  the  power  silicon  junction  to  the  cooling  liquid.  Detailed  design 
calculations  based  on  optimized  space  vector  modulation  and  ARCP  operation  provide 
the  high  frequency  performance  of  the  inverter  including  the  total  harmonic  distortion 
(THD),  RMS  ripple  current  through  the  DC  bus  capacitor,  and  the  RMS  current  carried 
by  the  laminated  bus  bars.  With  actual  measured  data  of  the  power  silicon  devices,  the 
total  dissipation  of  the  main  and  auxiliary  switches  is  calculated  which  leads  to  a  decision 
of  choosing  enough  silicon  dies  in  parallel  to  match  the  allowable  heat  flux  in  this  design. 
The  mechanical  design  emphasizes  low  material  and  assembly  cost  and  provides  options 
for  lower  power,  modular  packages  with  minimum  modifications  of  physical  dimensions. 
The  gate  driving  circuitry  provides  tight  and  balanced  gate  signals  to  all  the 
semiconductor  die.  Special  detection  circuitry  is  included  to  achieve  zero  voltage 
switching  under  various  load  and  line  conditions.  The  inverter  is  being  built  up  to  deliver 
its  full  power  capability.  Preliminary  experimental  results  are  presented. 

4.1  Brief  System  Specification 

The  inverter  is  a  voltage  source  type  with  resonant  circuitry  to  soften  the  switching  edges. 
It  has  a  750V  DC  input  and  450VRMS  three-phase  output.  The  load  power  factor  is 
inductive  (0.85)  for  a  peak  output  power  of  250KVA.  Space  vector  modulation  will  be 
used  to  maximize  the  voltage  conversion  ratio  and  to  cut  down  the  switching  losses.  The 
modulation  depth  will  be  85%  to  leave  enough  room  for  soft  switching  commutation. 

4.2  Inverter  Topology  and  Design  Consideration 

The  ARCP  topology  [1]  is  shown  in  Figure  17.  The  main  switches  are  configured  as 
regular  half  bridge  with  the  resonant  capacitance  right  across  them.  At  the  turn-off  of  the 
main  switches,  the  resonant  capacitors  act  as  snubber  capacitors  which  reduce  the  turn-off 
losses.  At  the  turn-on,  the  energy  stored  in  resonant  capacitors  are  recycled  through  the 
resonant  commutation  in  a  loss  free  manner.  Meanwhile,  the  current  in  the  freewheeling 
diode  is  softly  commutated  and  the  main  switch  is  turned  on  under  a  zero  voltage 
condition.  The  auxiliary  switches  are  configured  as  four  quadrant  AC  switches  with  two 
independent  gate  controls.  The  AC  switch  is  operated  under  zero  current  switching 
conditions,  which  makes  MCT’s  ideal  candidates  for  this  application. 

The  design  of  the  resonant  components  depends  upon  several  factors  which  are: 

•  turn-off  speed  of  the  main  switch; 


•  maximum  allowable  loss  of  the  duty  cycle  because  of  the  resonant 
commutation; 

•  the  amount  of  circulating  energy  through  the  auxiliary  circuit;  and 

•  the  timing  resolution  of  the  control  circuit. 

The  first  design  consideration  is  to  minimize  the  main  switch  turn-off  loss  plus  the 
circulating  energy  loss.  This  leads  to  an  choice  of  optimal  resonant  capacitance.  The 
resonant  inductance  then  determines  the  loss  of  the  duty  cycle  with  the  chosen  resonant 
capacitance.  Keeping  the  maximum  duty  cycle  to  be  about  90%  in  this  design,  the 
resonant  inductance  should  not  be  too  small  otherwise  the  di/dt  will  be  too  high  which 
can  cause  too  much  reverse  recovery  loss  in  the  AC  switch  and  makes  the  control  timing 
more  difficult.  In  this  case,  the  propagation  delay  of  the  gate  driving  circuits  and  the 
storage-time  of  the  bipolar  power  switches  need  to  be  carefully  included. 

The  current  design  uses  1400V  non-punch  through  (NPT)  IGBT’s  as  main  switches. 
These  are  Harris  developmental  devices.  The  IGBT’s  have  fast  turn-off  speed  (see  next 
section  for  details)  which  makes  400nF  resonant  capacitance  a  right  choice.  The  resonant 
inductance  is  chosen  to  be  1 .2uH  based  the  discussion  above. 


Fig.  1 7  ARCP  inverter  topology. 


4.3  Characterization  of  Power  Silicon  Devices 

The  test  results  of  a  Harris  1400V  NPT  IGBT  are  shown  in  Fig.18.  The  data  provide  the 
basis  for  choosing  the  resonant  capacitance  and  the  basis  for  scaling  the  number  of  die  per 
main  switch. 


1400  NPT IGBT  Forward  Drop  NPT-IGBT  Turn-off 


le  (Amp) 


IB] 

[A] 

Fig.  18  Test  results  of  Harris  1400V  NPT-IGBT. 

4.4  Inverter  Performance  and  Power  Dissipation 

For  this  specific  application,  the  total  harmonic  distortion  (THD)  of  the  inverter  output 
needs  to  be  low.  With  space  vector  modulation  and  assuming  a  second  order  filter  is  used 
to  remove  the  switching  frequency  harmonics,  the  THD  can  be  calculated  for  different 
switching  frequencies,  as  shown  in  Fig.  19.  A  typical  spectrum  of  the  phase  to  neutral 
voltage  before  and  after  filtering  is  also  shown  in  Fig.20  . 


Total  Harmonic  Distortion  vs  Switching  Frequency  Space  Vector  Modulation 


400Hz  output,  2nd  order  filter  with  IKHz  cut-off  frequency 


Fs  (KHz) 


Fig.  19  Inverter  output  THD  vs. 
switching  frequency 


400Hz  output,  12.8KHZ  switching,  2nd  order  filter,  Fc=1 


Fig.  20  Typical  spectrum  of  the  output 
phase  to  neutral  spectrum  before  and  after 
filtering 


Using  the  test  data  of  the  power  devices,  the  design  parameters  and  the  dissipation  in  the 
power  devices  can  calculated.  The  following  assumptions  are  used  in  our  calculations: 


•  Vdc=750V 

•  I_boost  /  I_r_peak  =  0.5 

•  Vac=450VRMS 

•  Main  Switch  =  4  Si2e-8  IGBT  +  4  Size-7  Diode 

•  Po=250KVA 

•  AC  Switch  =  1  Size-8  MCT  +  1  Size-7  Diode 

•  PF=0.85 

•  Device  Type: 

•  Peak  Current=453A 

Phase  Switch:  Harris  1400V  NPT  IGBT 

•  Modulation  Depth=0.85 

Phase  Diode:  Harris  1400  low  forward  drop 

•  Modified  Space  Vector  Modulation 

AC  Switch:  Harris  1200V  PMCT  and  NMCT 

•  Fs  =  20kHz 

•  AC  Diode:  Harris  1200V  fast  reverse  recovery 

•  Variable  Boost  ARCP  (Lr  =  1 .2  uH) 

The  results  of  the  calculation  are  shown  in  Table  3.  It  can  be  seen  that  the  low  forward 
drop  and  the  low  conduction  duty  make  the  diode  conduction  loss  very  low.  By  doubling 
the  resonant  capacitance,  both  the  switching  losses  of  the  main  switch  and  the  AC  switch 
increase  because  of  the  excessive  ARCP  boost  operation  and  the  higher  circulating 
energy  level.  As  a  result,  the  AC  switch  dissipation  and  RMS  current  of  the  resonant 
inductor  increase  significantly,  which  can  easily  cause  overheating  in  the  resonant 
circuitry.  Please  also  notice  a  significant  amount  of  the  ripple  current  flows  through  the 
DC  capacitor  bank  and  this  will  dictate  the  DC  capacitor  design  if  electrolytic  types  are 
chosen. 


Table  3  Loss  calculations 

Cr=  400nF 

Cr=  800nF 

IGBT  Conduction  Loss  per  Main  Switch  (W) 

393 

393 

Diode  Conduction  Loss  per  Main  Switch  (W) 

26 

26 

Averaged  IGBT  Switching  Loss  per  Switching  Cycle  (mJ) 

4.8 

5.05 

Averaged  AC  Switch  Loss  per  Switching  Cycle  (mJ) 

5.9 

8.37 

Peak  Resonant  Current  (A) 

755 

903 

RMS  Resonant  Current  (A) 

78 

111 

Total  Main  Switch  Losses  (W) 

3123 

3154 

Total  AC  Switch  Losses  (W) 

660 

990 

AC  Switch  Snubber  Losses  (W) 

318 

352 

RMS  Current  of  DC  Bus  Bar  (A) 

329 

329 

RMS  Current  of  DC  Capacitor  Bank  (A) 

177 

177 

Inverter  Efficiency  (%) 

98.0 

97.8 

As  a  comparison,  the  switching  losses  of  a  hard  switched  inverter  using  similar  kinds  of 
power  devices  will  be  much  higher  as  shown  in  Figure  21.  In  general,  soft-switching 
technologies  can  greatly  improve  system  performances: 

=>  Higher  switching  frequency: 

=>  Smaller  filter  components; 

=>  Less  total-harmonic-distortion  (THD); 

Better  dynamic  response  -  wider  control  bandwidth; 

^  Lower  EMI. 


Soft-Switching  vs.  Hard-Switching 

NPT-IGBT  as  Main  Switch,  MCT  as  AC  Switch 
Harris  1400V  NPT  4xSize-8 


P_con  E_main  E_ac  F_sw 

Fig.  21  Comparison  of  hard  switching  and  the  soft  switching. 


4.5  Utilization  of  ThinPak  Technology 

The  HTP  package  is  employed  in  this  design  to  eliminate  wire  bonding  of  the  power 
devices.  The  HTP  device,  shown  in  Figure  22,  allows  direct  soldering  of  the  power 
electrode  to  the  top  of  the  silicon  device.  With  HTP’s,  low  inductance  design  of  the 
power  package  is  facilitated  and  current  handling  capability  is  increased  over  the 
traditional  wire  bond  package. 

To  improve  the  heat  removal  capability,  an  advanced  heat  exchanger  technology  is 
employed  in  this  design  which  has  a  benchmark  performance  of  60C  junction  to  cooling 
water  temperature  rise  for  a  250W/cm2  heat  flux  under  IGPM  flow  rate.  This  low  cost, 
compact  technology  greatly  improves  the  thermal  bottom  line  of  the  entire  inverter.  The 
package  used  for  an  ARCP  inverter  leg  is  shown  Figure  23.  Three  of  these  legs  will 
form  a  three  phase  inverter. 


Fig.  22  ThinPak  packages  reduce  inductance  design  and  increase  current  capability. 


Fig.  23  ARCP  inverter  leg  package  (courtesy  NSWC  system  team) 

Note  that  the  Harris  activity  was  responsible  for  the  Pebb  ARCP  leg  shown  above  up 
to,  but  not  including,  the  bus  structure.  Test  data  shown  in  this  paper  is  from  single 

leg  tests. 


4.6  Sample  Experimental  Result 

Currently,  the  inverter  is  under  quarter  power  test.  The  waveforms  in  Figure  24  show  the 
unit  doing  single  pulse  ARCP  operation  under  800V  DC  bus  condition  and  the  main 
switch  turning  off  300A  of  load  current.  The  low  inductance  design  of  the  power 
module,  the  soft-switching  operation,  and  laminated  DC  bus  structure  are  the  contributing 
factors  to  have  the  overshoot  voltage  well  under  control.  More  tests  will  be  conducted  in 
the  near  future  and  the  results  will  be  presented. 


ARCP  Operation:  800VDC,  300A  Switching 


Tek  Run:  lO.OMS/s  sample  msi 


Fig.  24  ARCP  leg  operation:  800V dc  bus;  main  switch  turns  off 300A. 


4.7  Summary 

A  soft-switching  three-phase  inverter  using  ARCP  topology  is  designed.  The  goal  is  to 
deliver  250KW  of  output  power  with  20KHz  carrier  frequency.  To  reduce  the  power 
dissipation,  fast  NPT  IGBT’s  are  used  as  main  switches  and  p-type  and  n-type  MCT’s 
are  combined  in  the  auxiliary  switch  to  best  utilize  the  strength  of  these  devices.  HTP 
packaging  technology  provides  opportunities  for  low  inductance  design  and  better  current 
handling  capability.  A  more  efficient  heat  exchanger  improves  the  thermal  bottom  line  of 
the  whole  system.  The  electrical,  thermal,  and  mechanical  considerations  are  combined 
leading  to  the  final  design  of  components  and  the  inverter  assembly.  System  performance 
and  efficiency  are  projected  based  on  detailed  calculations  with  parameters  derived  from 
device  and  ARCP  leg  testing.  The  complete  inverter  is  currently  being  tested  at  '/i  power 
level  at  NSWC. 

5.  Conclusion 

The  material  presented  has  illustrated  some  of  the  scope  and  the  capability  of  the  device, 
package,  gate  drive  and  assembly  toolkit  being  developed  to  support  Power  Electronic 
Building  Blocks.  This  is  clearly  demonstrated  in  the  example  of  the  NSWC  250KW 
ARCP  inverter  which  includes  toolkit  n  and  p  mct’s,  n-igbf  s  and  diode,  advanced 
packaging  and  cooling  concepts  along  with  toolkit  elements  to  simplify  gating  and 
control. 
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Integrated  Development  ONR/SBIR/DUAL/IPS 


Macro-Processor  Module 
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High  Power  Electronic  Building  Block 

(HPEBB) 
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ride-through  capability  •  interrupting  capability 


The  Power  Electronics  People 
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PEBB  Demonstration 
Converter 


The  six  phase-leg  converter  power  circuit 
(excludes  protective  /  pre-charging  and  reconfiguration  circuits). 
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Ship  Service  Inverter  Module 

SSIM 


Power  Conversion  System 
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Commercialization  at  high  products 

risk  •  Moderate  risks  -  can  be 

minimized  by  proper  planning 

The  Power  Electronics  People 
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